One sentence summary: This is the first report indicating four lytic bacteriophages of Klebsiella oxytoca ABG-IAUF-1, the causative agent of bovine mastitis, that had 97% success rate for preventing the bacterial infection so the mastitis phage therapy as a novel strategy could be an asset for biocontrolling of pathogenic agents in medical and veterinary biotechnology.
INTRODUCTION
Mastitis is a multi-factorial and most common disease of dairy cows that causes economic losses to dairy industry worldwide (Shem et al. 2002; Pinzón-Sánchez, Cabrera and Ruegg 2011; Kumar et al. 2016) . Bovine mastitis is an inflammation of the mammary gland that this inflammation can be caused by many types of injury (Kerro Dego, van Dijk and Nederbragt 2002; Belachew 2016; Gomes, Saavedra and Henriques 2016) .
Diverse groups of microorganisms including bacteria, viruses, mycoplasma, yeast and algae are known as causative agents of bovine mastitis but the majority of mastitis are resulted from bacterial agents (Kerro Dego, van Dijk and Nederbragt 2002; Gill et al. 2006b; El-Hamid 2016) . It has huge losses on the dairy farm such as the reduction of milk yield and quality, increased health care costs and culling rate (Halasa et al. 2007; El-Hamid 2016) . Since bovine mastitis may be responsible for zoonoses and food toxin infections, it is a threat to human health (Gomes, Saavedra and Henriques 2016) . The widespread use of antibiotics has resulted in emergence of antibiotic-resistant strains, so chemotherapeutic measures for mastitis treatment have been less successful. Accordingly, developing alternative methods are essential need to control of mastitis (Celia, Nelson and Kerr 2008; Kulkarni and Kaliwal 2013; El-Hamid 2016; Shaheen, Tantary and Nabi 2016) . Bacteriophages therapy is one of the potential methods for biological control of bovine mastitis. Bacteriophages are the viruses of prokaryotes that infect various bacteria (Clokie et al. 2011; Jassim and Limoges 2014; Aprea et al. 2015) . These bacterial viruses can be isolated from all environments such as water, soil, feces and sewage (Haq et al. 2012; Negash and Ejo 2016) . Phage therapy has many advantages over chemotherapy e.g. very specific, no side effect, environmental friendly, no allergitic effects and harmless to the eukaryotic host (Yu et al. 2013; Elbreki et al. 2014; Golkar, Bagasra and Pace 2014) . The phage therapy of several pathogenic bacteria have been reported. These studies have shown that these lytic phages were applied for eliminating of Staphylococcus aureus (Donovan, Lardeo and Foster-frey 2006; Dias et al. 2013) , meticilin-resistant S. aureus (Gill et al. 2006b ), Burkholderia cenocepacia (Carmody et al. 2010) , Vibrio owensii (Yu et al. 2013) , Streptococcus agalactiae (Bai et al. 2013) , V. cholera (Maina et al. 2014) , Lactococcus garvieae (Ghasemi, Bouzari and Emtiazi 2014) and Escherichia coli . Klebsiella is a Gram-negative rod belonging to the family of Enterobacteriaceae as facultative anaerobic bacteria routinely live in human and animal gastrointestinal tracts. K. pneumoniae and K. oxytoca are responsible for many infectious diseases in human and animals and the emerging of their antibiotic resistant strains have led to extended chemotherapeutic measures against these opportunistic pathogens as well as medical and veterinary problems. The lytic bacteriophages of K. pneumoniae and K. oxytoca have been isolated and characterized in several studies for different purposes such as phage therapy of human infectious diseases (Karumidze et al. 2013) , taxonomic investigations and describing the phage essential genes responsible for controlling the bacterial populations as well as those dealing with DNA modification, DNA resistance to host enzyme digestion and host lysis procedures (Maciejewska et al. 2017) , DNA annotations for finding the mechanisms that specific bacteriophages apply to recognize and infect their specific host (Park et al. 2017) and as an environmental bio-controlling agent for wastewater treatment and coliform's phage therapy (Beheshti-Maal, Soleimani Delfan and Salmanizadeh 2014) . The aims of this study were to isolate and identify bacterial agents of mastitis and their specific bacteriophages. Then the effects of isolated phages against specific bacterial hosts were studied.
MATERIALS AND METHODS

Microbiological culture media and chemicals
The main microbiological culture media we used in this research were BHA (Biolife, Italy), BHI (Biolife, Italy), EMB agar (Biolife, Italy), Mac Conkey's agar (Biolife, Italy) and Blood agar (Biolife, Italy). The SM buffer [(Tris-HCL, 10 Mm & pH = 7.6; MgSO 4 7H 2 O, 10 Mm; NaCl, 100 Mm and gelatin solution 2% (w/v), 5mL; distilled water, up to 1000 mL] (Merck, Germany). The chemicals we used were Methyl red, SIM, Urea agar, TSI and Simmon ' s citrate agar that provided from Taligene Pars, Iran.
Sample collection
Milk samples of mastitic cows were collected under aseptic conditions from industrial dairy herds of Isfahan, Iran during 5 months (February to July 2016). Sampling of milks was performed as below: the udder of each cows was carefully washed as well as dirt and debris were removed with 70% isopropanol from the teat end and the first streams of milk was discarded. Then, the milk samples were carried immediately to the R&D laboratory complex, Falavarjan Branch, Islamic Azad University, Isfahan, Iran at 4
• C.
Isolation and characterization of bacterial strains
The samples were cultured on BHA plates using streak plate method and incubated at 37
• C for 24 h. The purified individual colonies were examined against macroscopic, microscopic and biochemical characterization respectively (Gill et al. 2006a; Preethirani et al. 2015) .
Macroscopic, microscopic and biochemical examination of isolated purified bacteria from mastitis
Macroscopic characters such as size, morphology, color and hemolytic pattern on blood agar were examined for each individual colony. Besides Gram's staining method, biochemical examination such as indole, methyl red, VP, citrate (IMViC), TSI, urease tests, catalase, coagulase, oxidase and sugar fermentation including glucose, lactose, arabinose, sucrose and xylose were employed for the review of biochemical traits. The suspected colonies were cultured in selective media (mannitol salt agar, blood agar and Mac Conkey's agar) (Beheshti-Maal et al. 2010; Preethirani et al. 2015) .
Molecular identification of mastitis isolated bacteria
The purified individual colonies were cultured in BHI and incubated at 37
• C for 24 h. The culture media was centrifuged at 3000 g for 15 min. The supernatant was discarded and 2 mL of distilled water was added to pellet. The bacterial DNA was extracted using DNA extraction Kit (Taligene Pars, Iran). The 16S-rRNA universal primers of CG28F with the sequence of 5 TGTAAAACGACGGCCAGT3 as forward primer and CG43R with the sequence of 5 CAGGAAACAGCTATGACC3 as reverse primer were used for polymerase chain reaction. Amplification conditions were performed according to Beheshti-Maal et al. (2014) . Finally, the PCR products were sent to Taligene Pars Co., Isfahan Science and Technology Town (ISTT) for DNA sequencing. The similarity of the DNA sequence of isolated bacterium to GenBank data sequences was investigated using the BLAST software (http://blast.ncbi.nlm.nih.gov). Then, identification of strain was done after bioinformatics analysis and the 16S-rRNA sequence of identified strain was deposited in GenBank, NCBI. (Pedramfar et al. 2017; .
Enrichment and isolation of bacteriophages
To isolate bacteriophages, public wastewater of Isfahan, Iran was used as a possible resource. A total of 10 mL of the wastewater was centrifuged at 3000 g for 20 min and the supernatant was filtered using 0.45μL syringe filter. For bacteriophages enrichment, 100 μL overnight bacterial culture and 10 mL wastewater filtrates was added to 40 mL of BHI flask and then incubated at 37
• C for 24 h with shaking speed of 120 rpm. After 24 h, 10 mL of BHI broth flask were centrifuged and filtrated in the same conditions. Then the supernatant was stored at 4
• C for the next step. To confirm the presence of phages, 10 μL of phage filtrate was dropped on bacterial lawns in BHA and then, incubated at 37
• C for 24 h (Ghasemi, Bouzari and Emtiazi 2014; Li and zhang 2014; Askora et al. 2015) .
Plaques purification and bacteriophage tittering
To purify the isolated phages and determine the phage titer, double-layer agar method was used. In brief, phage filtrate was diluted to 10 −12 using SM buffer then, 100 μL of each dilution and 100 μLof overnight bacterial culture was mixed and added to 5 mL of 45
• C molten BHA top agar (0.5% agar). Then the mixture vortexed and rapidly overlaid onto BHA media plates with 1.5% agar. The plates were incubated at 37
• C for 24 h and the bacteriophage plaques on each plate were enumerated. This method was performed in triplicate (Gill et al. 2006a; Yu et al. 2013; Ghasemi, Bouzari and Emtiazi 2014; Li and zhang 2014) .
Transmission electron microscopy
A plate with high titer was selected and 10 mL SM buffer was added to plate. Then, the top agar was crashed and centrifuged at 3000 g for 20 min. One drop of the phages stock was transferred to 300 mesh copper grid and negatively stained using uranyl acetate (2%, w/v). Finally, the grids examined by transmission electron microscope (Philips, CM10) (Seed and Dennis 2005; Carey-Smith et al. 2006; Yu et al. 2013; Dias et al. 2013 ).
The effects of isolated bacteriophages against specific host
The phage lytic activity against specific host was determined using the study on the growth curve of bacterial broth before and after treatment with phages. In brief, two flasks containing 40 mL of BHI and 100 μL of overnight culture of K. oxytoca ABG-IAUF-1 were prepared. Then, 10 mL of phage filtrate was added to one of the flasks and the another was left without phage treatment as a negative control. Both flasks were incubated at 37
• C for 12 h with shaking speed of 120 rpm and in 1 h intervals the OD of medium was measured at 520 nm (Beheshti-Maal et al. 2014; Dias et al. 2013) .
Host range determination of specific bacteriophages of K. oxytoca ABG-IAUF-1
The host range determination of the isolated phages was carried out by the spot test method using several standard 
Determination of thermal and pH stability of specific bacteriophages of K. oxytoca ABG-IAUF-1
The thermal tolerance of four bacteriophages of K. oxytoca ABG-IAUF-1 was evaluated at different temperatures of 37 • C, 50
• C and 70
• C at pH 7 for 2 h. Then, each tube of phage suspension was immediately cooled in an ice bath, and tittered by the double-layer agar plate method. For pH stability of bacteriophages, 1 mL of phage suspension was transferred to 9 mL of SM buffer with different pHs of 5, 7, 9 and 11 and incubated at 37 • C for 3 h. Then the viable bacteriophages determined by overlay method on BHA plates [Yu et al. 2013; Ghasemi, Bouzari and Emtiazi 2014; Beheshti-Maal, Soleimani Delfan and Salmanizadeh 2015; Pedramfar, Beheshti-Maal and Mirdamadian 2017] .
Optimal multiplicity of infection (MOI) determination of specific bacteriophages of K. oxytoca ABG-IAUF-1
The ratio of phage particles (PFU) to host cell particles (CFU) is defined as multiplicity of infection (MOI). For measuring the MOI, K. oxytoca ABG-IAUF-1 obtained from the log phase (10 8 CFU mL −1 ) were infected with specific phages at eleven different ratios (10 −5 , 10 −4 , 10 −3 , 10 −2 , 10 −1 , 1, 10 +1 , 10 +2 , 10 +3 , 10
+4
and 10 +5 ) and incubated at 37
• C for 3.5 h. After incubation, the phages lysate was centrifuged at 10 000g for 3 min. Then the supernatant was filtered by the 0.45 μm syringe filter. The phages titer in filtrate was determined using overlay method. The MOI with highest phages titer was defined as optimal MOI [Yu et al. 2013; Ghasemi, Bouzari and Emtiazi 2014] .
One-step growth curve assay of specific bacteriophages of K. oxytoca ABG-IAUF-1
One-step growth curve assay was performed for determination of latent time and phage burst size. In brief, each phage suspension was added to 1 mL of exponential growth phase culture of K. oxytoca ABG-IAUF-1 at MOI. Then, for phage adsorption, this mixture was incubated at 37 • C for 10 min. After incubation, to remove free phage particles, the mixture was centrifuged at 10thinsp;000 g for 10 min. The pellet was added to 50 mL BHI and incubated at 37 • C. To determine the phage titer, 100 μL of each sample was taken at 10 min intervals up to 2 h and the phage titer was measured using overlay method. Burst sizes of phages were calculated by dividing the phage titers at plateau phase by the initial phage titers [Yu et al. 2013] .
RESULTS
Macroscopic, microscopic and biochemical examination
From the examined milk samples, a Gram-negative rod isolated and identified by the macroscopic, microscopic and biochemical characterization. The macroscopic, microscopic and biochemical examination of three bacterial isolated were indicated in Tables 1 and 2 respectively.
Molecular identification of mastitis isolated bacteria
Based on 16S-rRNA sequence and BLAST analysis the isolated strain was K. oxytoca with 97% query coverage and 99% 
The isolation of specific lytic bacteriophages of isolated bacteria from mastitis
The clearance of BHI flask containing K. oxytoca ABG-IAUF-1, public wastewater and the presence of lyzed bacteria in the BHI flask confirmed the presence of specific phages (Fig. 1) . Four different plaques were observed after spotting phage filtrate on the culture of K. oxytoca ABG-IAUF-1 on the BHA culture medium. The two mentioned plaques were big and the rest were small. In the BHA, 34 PFU was counted and the total titer of K. oxytoca ABG-IAUF-1 specific phages was determined as 3.4 × 10 9 pfu/mL (Fig. 2) .
The effects of isolated bacteriophages against specific host
The growth curve of K. oxytoca ABG-IAUF-1 before and after treatment with specific lytic phage during 12 h, demonstrated that K. oxytoca ABG-IAUF-1 specific phage could inhibit the growth of bacterium for the first 12 h of incubation (Fig. 3) .
Transmission electron microscopy
The ultrastructure of lytic phages of K. oxytoca ABG-IAUF-1 under the transmission electron microscopy showed four types of phages. As shown in Fig. 4 , the 1st phage had icosahedral head with a diameter of 54.34 nm, a tail with a diameter of 8.69 nm and the length of 97.82 nm. Considering above characterization the 1st phage was most probably related to the family of Myoviridae of bacteriophages. The 2nd one had icosahedral head with a diameter of 36.36 nm, a very elongated tail with a diameter of 12.12 nm and the length of 212.12 nm. So the 2nd phage was most probably a member of the family of Myoviridae of bacteriophages. The 3rd phage had an elongated head with 103.44 nm in diameter, a very short and non-flexible tail with a diameter of 24.13 nm and the length of 31.03 nm. Considering these morphological characteristics, the 3rd phage was most probably related to the family of Podoaviridae of bacteriophages. The 4th one had an elongated head and membrane with a diameter of 43.47 nm, a very short and non-flexible tail with a diameter of 6.52 nm and the length of 21.73 nm, which was most probably related to the family of Podoviridae of bacteriophages.
Host range determination of specific bacteriophages of K. oxytoca ABG-IAUF-1
The infectivity of the isolated phages against several Grampositive and Gram-negative host strains were examined using the spot test assay. The results showed that the only phage 2, was infective against E. aerogenes ATCC13048. The other phages didn't make any lysis effect on the standard test strains. The results of host range determination of isolated four phages were summarized in Table 3 . 
Determination of thermal and pH stability of specific bacteriophages of K. oxytoca ABG-IAUF-1
Thermal and pH stability of bacteriophages for potential production and therapeutic use in future were investigated. According to the results, all phages were stable at 37
• C and 50
• C after 2 h incubation while unstable at 70 • C after 2 h incubation and lost their infection capability. The pH stability examinations indicated that all of the isolated phages were inactivated in pH 2, 5 and 11 but were active in pH 7 and 9. The results of thermal and pH stability of isolated bacteriophages of K. oxytoca ABG-IAUF-1 were summarized in Tables 4 and 5 respectively. Table 5 . pH stability of Klebsiella oxytoca ABG-IAUF-1 lytic bacteriophages after 3 h incubation.
pH stability of bacteriophages Table 6 . The phage titers of P1, P2, P3 and P4 bacteriophages of Klebsiella oxytoca ABG-IAUF-1 in one-step growth assay at 2 hours and 37
Bacteriophages titer (PFU/mL) Phage-host interaction time (min)  P1  P2  P3  P4   0  2 0  1 0  1 0  1 0  10  20  10  10  20  20  20  10  30  220  30  30  10  330  650  40  35  20  770  900  50  30  30  760  990  60  250  200  750  970  70  500  660  780  978  80  680  880  800  990  90  770  900  890  1005  100  760  900  880  1005  110  760  890  850  995  120  750  900  850  1005 Optimal multiplicity of infection (MOI) determination and one-step growth curve assay of specific bacteriophages of K. oxytoca ABG-IAUF-1
The MOI of phages P1, P2, P3 and P4 were determined as 10 −5 , 10 −4 , 10 −4 and 10 −4 respectively. The latent period of phages P1, P2, P3 and P4 were 50, 50, 20 and 10 min respectively. The one-step growth curve experiment showed that the burst size of phages P1, P2, P3 and P4 were 39, 90, 89 and 101 phages per each host cell respectively. The results of phage titers in one-step growth assay of K. oxytoca ABG-IAUF-1 specific bacteriophages were indicated in Table 6 .
DISCUSSION
Bovine mastitis remains as a major economic challenge for dairy producers despite the great technological advances (Bradley 2002) . The recent study showed that the prevalence of mastitis has been increased from 20% to 50% in dairy cows of Indians (Kumar et al. 2016) . Mastitis costs in Sri Lanka dairy industry has been estimated as 4.3 million Sri Lankan rupees per year (Sanotharan, Pagthinathan and Nafees 2016) . Most important public health concern about mastitis related to milk unsuitable for human consumption, provide a mechanism for the spread of some diseases and antibiotic residues in foods (Belachew 2016 were the most commonly pathogens during that study (Nam et al. 2009 ). Burvenich, Van Merris and Mehrzad (2003) showed that the prevalence of coliform mastitis is more than S. aureus mastitis in recent years (Burvenich, Van Merris and Mehrzad 2003) . In the present research K. oxytoca was isolated from milk of cows with mastitis manifestations. We isolated only the environmental pathogens from the milk samples that indicated the continuation of the presence of environmental pathogens in the dairy cows in Isfahan, Iran. The results also showed the ineffectiveness of conventional treatments including chemotherapy. Considering the differences in climate, soil and silage between countries and regions dictates the type and percentage of isolated pathogens from mastitis cases (Burvenich, Van Merris and Mehrzad 2003; Shaheen, Tantary and Nabi 2016) . Increasing of multi-drug resistant bacteria and other losses, supporting for the development of alternative therapy. Phage therapy could be considered as an effective method for preventing and controlling the bacterial infection of mastitis (Beheshti-Maal et al. 2014; Ghasemi, Bouzari and Emtiazi 2014) . Since the phages are the most abundant organisms in water, feces, soil and sewage, therefore they are good indicators for presence of bacteria (Fortuna et al. 2008; Aprea et al. 2015; Negash and Ejo 2016) . There are several reports regarding interactions of bacterial agents of mastitis and bacteriophages. Bai et al. (2013) isolated a novel bacteriophage JX01, against bovine mastitis caused by S. agalactiae from milk of mastitis-affected cattle. Based on morphological characterization, this phage belonged to the family of Siphoviridae (Bai et al. 2013) . Gill et al. (2006b) evaluated the ability of lytic S. aureus bacteriophage K to eliminate bovine S. aureus intramammary infection (Gill et al. 2006b between pH 5 and 9 but were sensitive to acidic pH (Yu et al. 2013) . Ghasemi, Bouzari and Emtiazi (2014) characterized the L. gavieae bacteriophage. They showed that the MOI of their phage was 10 −6 . They reported the thermal stability of 15
for their isolated phage. Karumidze et al. (2013) have isolated and characterized six lytic bacteriophages against Klebsiellla amongst five phages were specific against K. pneumoniae and one, KO 6, was specific against K. oxytoca. They showed they were related to Siphoviridae and Podoviridae families of bacteriophages. Their phages were stable at 50
• C as well as pH 5, 9 and 11 for 5 h. Maciejewska et al. (2017) studied on two myovirus KP15 and KP27 infecting multi-drug-resistant K. pneumoniae and K. oxytoca strains. Their molecular analysis and DNA annotations revealed that in KP27 phage two putative endonucleases were involved in DNA modification and resistance to restriction enzyme digestion. Also they found complete set of genes responsible for lysis purposes in both phages. Park et al. (2017) reported the characterization and genome analysis of two phages PKO111 and PKP126 that were specific for K. oxytoca and K. pneumoniae respectively. Those phages had different host specificity in their infection and were stable at 4
• C -60
• C and pH 3-11 for 12 h but unstable at 70 • C and pH <3 and >11 at the same condition. Their genome annotation indicated that they had no virulence genes with a recognized relation to human pathogenicity. In this study we showed the MOI of 10 −4 to 10 −5 for the isolated phages. All phages were stable in 37 • C and 50
• C but were inactivated at 70 • C.
These phages were stable at pH 7 and 9 but were inactivated at pH 2, 5 and 11. The phages P4 and P3 had the latent period of 10 and 20 min respectively that could be considered as an asset in phage therapy of mastitis. The latent period of P1 and P2 phages was 50 min. The host range examinations showed that these phages are very host specific and except phage 2 that could only infect E. aerogenes the other bacteriophages didn't infect Gram-positive and Gram-negative standard test strains. This specificity could be considered as a very important character in phage therapy of bovine mastitis. In conclusion, this is the first study indicating that four lytic phages have been isolated for K. oxytoca ABG-IAUF-1 as the recent causative agents of mastitis. These results showed that the bacteriophages can be used in controlling the pathogenic bacteria from mastitis in shorter time than conventional treatments. Also, it would be a powerful approach for phage therapy of mastitis pathogenic bacteria. Thus, we suggested that the isolation and characterization of new lytic bacteriophages could be an asset for eliminating other mastitis pathogens.
